(2) k = 2.0 kcal/mol/Å 2 , 5 ns NpT equilibration at seven different points filter the produced conformations to yield initial seeds Figure S1 The seeds for the final set of 57 10ns wildtype umbrella simulations were carefully produced by gradually increasing the spring constant and discarding conformations where the restraint force had 'snapped' the S6 helix. For the PVAV mutant the trigonal arrangement (which is more efficient) was kept for step 4. Figure S2 Within each umbrella simulation we simultaneously applied biasing forces to each of the four S6 helices. Each S6 helix has its own right-handed 2D Cartesian coordinate system (x i , y i ) -this drawn in black lines for two of the four monomers. To investigate how correlated the motions of the four helices are we calculated the Pearson's correlation coefficient, r, between all combinations of the ordinates i.e. r(x 1 , x 2 ), r(y 1 , y 2 ), r(x 1 , y 2 ), r(x 2 , y 1 ). Since there are 57 umbrella simulations this results in a large amount of data. The correlation coefficients are therefore summarised using box-whiskers plots where the ends of the whiskers describe the maximum and minimum coefficients and the box defines the interquartile range. The majority of correlation coefficients have magnitudes < 0.1 and therefore it is reasonable to assume that the data collected from each S6 helix is independent and can, as we have done, be combined to form a single 2D PMF. Figure S5 To validate the 2D PMF in Fig. 2 , S4 & S13 we mutated the M2 helix in KcsA and ran 10 ns of unbiased molecular dynamics simulations of each mutant. The whole pore and a lipid bilayer and water is included but not drawn for clarity. If we do not alter the sequence the M2 helices remain approximately straight as we would expect. The equivalent residues to ALPVPV in S6 of the paddle chimaera 4 are GLVTAA in M2 of KcsA 2 . If we make this complete mutation in silico then after 10 ns kinks have formed in 2 of the 4 helices. Kinks in two M2 helices also form if we only introduce the PVPV motif (i.e. GLPVPV), although these are less pronounced. Finally, introducing the PVAV mutation also appears to encourage kinking. We note that these unbiased simulations are not converged but they provide a simple qualitative check that the PVPV (and PVAV) motif encourages kinks and therefore that the form of the 2D PMF in 
5° contours
Supplementary Figure S6 (a). The average kink angle ( ) in the S6 helix decreases as the helix is straightened.
The minimum free energy path is drawn in black and contours are drawn every 5 . (b), The S6 helices become less kinked as we move along the minimum free energy path (MFEP) starting at 26 and ending up at 12 . The six reference points correspond to those in This is not always the case; two example conformations where the pore only has two-fold symmetry (c & d) are also shown. The square drawn on the pore is for illustrative purposes only. Figure S8 The potential of mean force of a potassium ion moving along the pore axis is calculated for 15 of the 57 umbrella simulations as described in the text and Methods. In Fig. 3A Figure S9 (a, b & c), The average pore radius decreases as the S6 helices are straightened.
Contours are drawn every 1.0Å. For each data point the average HOLE 61 radius between Pro403 and Asn410 (this straddles the constriction point) was measured. Each radius measured was then assigned to a bin whose coordinates are defined as the average of the four S6 coordinates. The minimum free energy path (MFEP) from 
S6 residue
Supplementary Figure S11 How the average f and y dihedral angles of the residues along S6 vary between the start of the minimum free energy path and the end of the closed region. Points are drawn in red and blue, respectively. A standard deviation is also plotted and the region around the PVPV motif is shown in more detail.
Most of the residues display dihedral angles consistent with an a-helix. Residue 394 does not but is a glycine. (vi) add elastic network bonds with a higher spring constant between specified residues on the S4-S5 linker and the S6 helix to ensure that the linker remains touching the outside of the S6 helix throughout the CG simulations Supplementary Figure S14 . A series of coarse-grained channels (including the voltage sensors and tetramerisation domain) with the S6 helices having different degrees of kink were constructed. Appropriate monomer structures of the central pore were retrieved from the earlier atomistic umbrella sampling simulations and then rotated about the pore axis to form idealised pores. The remainder of the channel was then fitted back, before being converted to a coarse-grained representation. A key part of this is the addition of an elastic network.
Bonds were removed or added from this to ensure (1) that there was degree of motion between individual domains (e.g. within a voltage sensor) and (2) that the S4-S5 linker was always restrained to be touching the outside of the S6 helix, regardless of how kinked the S6 helix was. Supplementary Figure S16 The distortion of the wildtype pore over the region sampled by the umbrella simulations as measured by root mean square deviation (RMSD,Å). As expected the majority of the distortion occurs in S6, with some in S5 and very little or none in the pore helix and the selectivity filter. The contours are labelled and the grid size is 0.4Å. Potassium ions remain bound at S2 and S4 throughout all umbrella simulations.
Supplementary Discussion
All free energy studies like this have two fundamental sources of error; the simulations may not be long enough to ensure that the calculations are converged and the forcefield used to describe the atomic interactions may be incorrect or inappropriate. The CHARMM forcefield has been improved 62 and it is generally accepted as adequately describing the motions of proteins. We worked to mitigate the first source of error by carefully analysing the convergence of the free energy landscape (Fig. S4 ) and running unbiased simulations to test the result (Fig. S5 ). In their very long unbiased simulations Jensen et al 29,49 observe a dewetting process that completely closes the channel to water within around 100 ns. This is an order of magnitude longer than our umbrella simulations and therefore, whilst we have observed waters leaving the cavity, this process may not have finished and therefore our calculations may not be converged. If this were true, however, then the constriction point would not be optimally packed and so one would expect the free energy profiles the potassium ion experiences as it moves up the pore axis to be underestimated.
We also were very careful to prevent the umbrella force breaking any backbone hydrogen bonds causing the S6 helices to kink (Fig. S1 ). Throughout we have assumed that the motion of each S6 is independent of the others. We have also assumed that the dynamics of the S6 helices is independent of voltage.
Supplementary Methods
2D PMF of moving the ends of S6 in the plane of the bilayer In all cases a bilayer formed in which the pore became embedded 53 . We have found that using coarsegrained simulation is an effective method to embed a membrane protein in a small bilayer and reduces the time required for the ensuing atomistic simulation to equilibrate, as measured by C a RMSD. The lipids in the final frame of one of the POPC simulations were converted back to atomistic representation and the CG pore was replaced by the original, truncated crystal structure by fitting onto the C a atoms 54 . Thirteen lipids clashed with the pore and these were removed leaving a total of 227 POPC lipids. The patch of bilayer was solvated by explicit water using the solvate package of VMD 63 . Potassium ions were placed in the cavity of the channel and at the S4, S2 and S0 positions in the selectivity filter with intervening waters placed at the S1 and S3 positions. The cavity of the pore was filled with water molecules using the voidoo and flood programs 55 . Finally 12 sodium ions were added to make the simulation unit cell electrically neutral. We used the CHARMM27 forcefield with the CMAP correction 65 and therefore all hydrogens are included and water is described using the TIP3P model. The simulation unit cell had a total of 72 354 atoms.
The energy minimisation, warming and equilibration protocol
The energy of the system was minimised for 1200 steps using NAMD2.7 66 SHAKE 68 and SETTLE 69 were applied to constrain the length of all bonds that involve a hydrogen allowing an integration timestep of 2 fs. Electrostatic forces were calculated using the particle mesh Ewald method 70 with a grid spacing of 1Å and van der Waals forces were truncated at 12Å with a switching function applied from 10Å.
Application of the umbrella forces
The positions of the S6 helices (as in Fig. 2, 3 , S1, S3, S4, S6, S9, S12, S13 & S16 ), were defined as the centers of mass of the heavy atoms of the last two turns (residues 410-417 incl.) in the xy plane. This plane is defined such that the centers of mass of the last two turns of S6 of the paddle chimaera crystal structure are at coordinate (0, 0). The coordinate system is right-handed. Position constraints of 5 kcal/mol/Å 2 were applied to the backbone atoms of the first turn of S6 (residues 380-383 incl.) throughout. One effect of this is that the pore axis, the z axis, was well-defined and did not change during simulation and therefore the xy plane could be easily defined using linear algebra. To prevent the umbrella forces causing backbone hydrogen bonds in the S6 helices to break leading to artifactual kinks the distances of the last three backbone hydrogen bonds of S6 were constrained by a half-harmonic potential with a spring constant of 10 kcal/mol/Å 2 that took effect once the distance between the donors and acceptors became larger than 2.8Å. In addition to the usual NAMD output files, several other bespoke data files were written to disc.
These included the positions of the heavy backbone atoms of S6, the magnitudes of the regular and applied The conformations of the pore were extracted from each of these 7 sims and were used as potential seeds for the next set of annealed umbrella simulations. The helicity (as defined by STRIDE 71 ) for the last 12 residues and the position of the center of the mass of the last two turns of the S6 helices was measured for each conformation. Only conformations with at most one non-helical residue per monomer and a maximum difference between the four sets of x and y coordinates of the S6 helices of 2.5Å in any one direction were kept. A python script then chose the closest seed conformation for each required umbrella point and dynamically created the NAMD input file. 80⇥ 1 ns umbrellas were then run. These were arranged trigonally ( Fig. S1 ) and the spring constant was increased to 8.0 kcal/mol/Å 2 . Again to encourage the S6 helices to move slowly to their new positions, the magnitude of the umbrella force was capped at 8 kcal/mol/Å for the first 100 ps.
Calculation of the 2D PMF and the minimum free every path A preliminary free energy map was then calculated using the Weighted Histogram Analysis Method (WHAM) 56 and the minimum free energy path across this map was found using the nudged elastic band (NEB) method 28 . This was implemented in python and included some of the improvements suggested by the authors (for example keeping part of the velocity between successive steps). A preliminary minimum free energy path was determined by applying the NEB method using 20 beads to our potential of mean force with only 1 ns of data. We then used the location of these beads as positions for a set of 20 new umbrella simulations (Fig. S1) . A further 37 beads were distributed around the MFEP by connecting them to their neighbours with springs and minimising the energy of the system using NAMD. This produced a distribution of umbrellas optimised to sample along the approximate minimum free energy path. Each of the resulting 57 umbrella simulations was run for 10 ns using NAMD as described above. In all 0.7 µs of classical molecular dynamics simulations were run. Depending on its location in the preliminary free energy map it was assigned a spring constant of either 5.0 or 8.0 kcal/mol/Å 2 , again with the magnitude of the force was capped for the first 50 ps.
As before the data were combined and the biases removed by WHAM producing the final free energy maps (Fig. 2, S4 , S13, S1, S3). The final minimum free energy path across these maps was determined using the NEB method by connecting 41 beads with springs. All other analysis was done using VMD 63 , HOLE 61 or MDAnalysis 57 . Graphs were plotted using gnuplot and images rendered using VMD 63 .
Convergence, Correlation and Stability
We first divided the data from each of the umbrella simulations into 500 bins, each 20 ps wide, and calculated a 2D PMF for each. The depth of the well was arbitrarily defined as the difference in free energy between the coordinates of an open structure (the paddle chimaera) and an approximation of the closed structure (KcsA). This was measured from all 500 2D PMFs using the NEB method creating a (presumably) correlated dataset x with variance s 2 (x). We then grouped the data into bins of width n creating a dataset x n with variance s 2 (x n ). This allowed us to calculate the statistical inefficiency 72 , s(n):
(S1)
If the dataset is converged then as n ! •, s(n) ! t where t is the correlation time. We followed the method of Yang et al. 73 and calculated the statistical inefficiency as the dataset was penetrated to different depths in reverse order. If a dataset is converged then s should reach a plateau as n ! •. In Fig. S4A we not only plot s v n but also 1/s v 1/n as it can be easier to assess the large n behaviour using the latter. The analysis suggests that only the last 30% of the umbrella simulations are converged and within this region, the correlation time is ⇠ 100 ps. We shall be conservative and discard the first 70% of each umbrella simulation in this and all subsequent analysis. We then divided the data into blocks 200 ps wide, thereby producing 15 independent 2D PMFs (Fig. S4B ) from which we calculated both an average, converged 2D
PMF and an estimate of the statistical error in the usual way (Fig. S4C) .
By combining the umbrella data from each of the four S6 helices we are assuming that the response of each helix to its umbrella potential is independent of the other helices. To check this we examined the correlations in the umbrella data between the four S6 helices. As described above there the position of the last two turns of each S6 helix is measured using its own local 2D Cartesian coordinate system (x i , y i ). We then compared all cross-combinations (x 1 x 2 , y 1 y 2 , x 1 y 2 & x 2 y 1 ) between each pair of S6 helices (six permutations in total) and calculated the Pearson correlation coefficient for each. Since there are 57 umbrella simulations there are a lot of correlation coefficients so box-whiskers are plotted for all these combinations in Fig. S2 . This indicates there is no significant correlation in the umbrella data and hence it is reasonable to combine the data and calculate a single 2D PMF. As an additional check we also calculated the 2D PMFs for each S6 helix (Fig. S3 ). These are not identical, although share the same topology, indicating that this assumption is breaking down. Another indication of that the S6 helices are not completely independent of each other is the symmetry-breaking observed (Fig. S7 ) in some umbrella simulations.
We then checked how moving the ends of the S6 helices affected the structure of the channel. The majority of the distortion of the tetramer, as measured by C a RMSD, occurs as expected in S6, with some distortion in S5 and very little in the pore helix and selectivity filter (Fig. S16) . In all the umbrella simulations the two potassium ions remain bound in the selectivity filter at positions S2 and S4 with an intervening water. This suggests that the selectivity filter is not distorted by the motions of S6. In . The exception to this is the full-length structure of KcsA where the equivalent residues in M2 lie outside the region sampled with S6 coordinates (9.8,3.4) and therefore no point is plotted 76 .
Differences for the PVAV mutant
The proline to alanine mutation was made using the mutator plugin of VMD 63 . We kept the trigonal arrangement for the umbrella simulations from step 3 for step 4 as well (Fig. S1 ). This is more efficient and meant we only need to run 46 umbrella simulations for the PVPV mutant compared to 57 for the wildtype. The convergence and correlation time was analysed as per the wildtype (Fig. S13 ) with similar results.
1D PMF of moving a potassium ion up the pore axis past the constriction point These methods apply to Fig. 3 in the main body of the paper which we shall refer to as the potassium 1D PMF. To determine when the pore became impermeable to potassium ions we calculated the potential of mean force of moving a potassium ion up the pore axis, Z, past the constriction point and into the cavity below the selectivity filter. We used the same definition as Bernèche and Roux 58 and defined the coordinate of this ion relative to the centre of mass of the backbone atoms of the TVGY residues in the selectivity filter. Umbrella potentials were placed at 0.5Å intervals covering the range 44.0  Z  12.0 A, making a total of 65 umbrella simulations for each 1D PMF. A spring constant of 10 kcal/mol/Å 2 was used throughout and to prevent excessively large forces on the ion the magnitude of the applied force was capped at 10 kcal/mol/Å for the first 50 ps of each 250 ps simulation. To ensure that the value of the 1D PMF was meaningful when the ion was no longer constrained by the S6 helices (i.e. was in bulk), we used the method of Allen et al. 77 and applied a flat-bottomed cylindrical constraint with a radius 8.0
A and a spring constant of 10 kcal/mol/Å 2 . We have not applied any correction since we do not expect it to significantly alter the point at which we consider the channel closed. To determine when the data were converged were first divided into ten bins of width 25 ps and the biases were again removed using WHAM method 56 . We compared the 1D PMFs and conservatively discarded the first 100 ps of the data.
A final 1D PMF was then calculated using the last 150 ps from all the umbrella simulations ( Fig. S8 ) and the height of the free energy barrier relative to the bulk was measured (over a window 4Å wide centered on the peak) and compared to the average pore radius (Fig. S9 ) for that umbrella simulation calculated using HOLE 61 . In each potassium 1D PMF the ends of the S6 helices were restrained to positions in the (X,Y ) plane . This was repeated fifteen times at points on or near the MFEP using conformations taken from the umbrella simulations used to calculate the PVPV 2D PMF. An exponential function was fitted to the data (y = 74.8e 0.994x ).
The fifteen potassium 1D PMFs could theoretically be combined with the PVPV 2D PMF to form a single 3D PMF where the collective variables are the coordinates (X,Y ) of the end of the S6 helix in the plane of the membrane and the coordinate of the permeating potassium ion Z along the pore axis.
Analysis showed that taking account of the perturbing affect of the potassium ion on the ends of the S6 helices had a small effect on the potassium 1D PMFs and so for clarity we therefore consider the 15 potassium 1D PMFs to be independent of the PVPV 2D PMFs. Calculating all 15 1D PMFs required 0.244 µs of molecular dynamics simulation.
Coarse-grained simulations of the whole channel to estimate how much the voltage sensor moves
We first chose five monomer conformations from the original set of PVPV 2D PMFs where the coordinates of the S6 helix in the (x, y) plane exactly matched one of 10 points along the MFEP. These points were chosen such that they sampled the whole MFEP. Each monomer structure was then rotated forming an idealised, symmetrical tetramer of residues 321-417 (Fig. S14 ). The main difference between one of these tetramers and the crystal structure of the paddle chimaera 4 is therefore how straight or kinked the S6 helices are. The voltage sensors and the tetramerisation (T1) domain from the crystal structure were then fitted back and added onto these ideal tetramers which were then converted to a coarse-grained representation where each bead typically represents four heavy atoms 59 . Part of this process is the addition of an elastic network model to maintain the secondary structure of the structure. Conventionally one adds a bond with spring constant 1000 kJ mol 1 nm 2 between any backbone beads separated by less than 7.0 A. Here, though, we want to (i) keep the S4-S5 linker attached to the outside of the S6 helix, (ii) allow the voltage sensors to move independently of the central pore domain and (iii) maintain the conformation of the S6 helices. The channel was split into the following structural elements: T1 domain (residues 32-130), T1 loop (residues 131-158), remainder of voltage sensor (residues 159-264), S3b helix (residues 265-275), paddle-loop (residues 276-279), S4 (residues 280-306), S4-S5 linker (residues 307-319) and the pore (residues 320-417). The numbering is from the paddle chimaera 4 . The voltage sensor is divided into several components in an attempt to allow the paddle (composed of the S3b helix, the paddle loop and the S4 helix) to move independently of the remainder of the voltage sensor. This is necessary if there is to be any net movement of the equivalent gating charge, however, the components were not able to move sufficiently relative to one another for this to be detected. The pore was rigidified by adding bonds between any heavy bead separated by 9Å with a spring constant of 10 000 kJ mol 1 nm 2 . Then all elastic network bonds that joined different structural elements (e.g. between the S4 helix and the pore) were removed. Elastic network bonds between different chains in the pore and T1 domain were retained.
Finally bonds were added to keep the S4-S5 linker in contact with the S6 helix. Based on a mutagenesis study 20 the following residues were connected with a spring constant of 5 000 kJ mol 1 nm 2 : Ile312 and Thr316 on the linker and Asn408, Phe409, Phe412 and Tyr413 on the S6 helix.
This structure was then fitted onto an already equilibrated coarse-grained self-assembly simulation of a wild-type paddle chimaera in a box of 374 POPC lipids. Any clashing waters and lipids were then removed resulting in e.g. 340 POPC lipids, 13 100 waters beads and 137 sodium and 97 chloride ion beads. Using GROMACS 4.5.3 78 the energy of the simulation unit cell was then minimised for 1000 steps using the steepest descent method, followed by 1 ns of molecular dynamics. Then 100 ns of molecular dynamics were run. Conventional coarse-grained run parameters were used: electrostatic and van der Waals forces were cutoff at 12Å with a switching function applied to the van der Waals forces after 9Å.
A Berendsen thermostat was applied separately to the protein, lipids and solvent with a target temperature of 323 K and a coupling constant of 1 ps. The pressure was maintained by a semiisotropic Berendsen barostat with a time constant of 40.0 ps and a compressibility 1 ⇥10 5 and a reference pressure of 1 bar. LINCS was used to fix the distance of all bonds 79 . These simulations generated 15 µs of molecular dynamics. All analysis was performed using a combination of VMD 63 and python.
